Abstract-This paper presents a microelectromechanical systems (MEMS) device for simultaneous electrical and mechanical characterization of individual nanowires. The device consists of an electrostatic actuator and two capacitive sensors, capable of acquiring all measurement data (force and displacement) electronically without relying on electron microscopy imaging. This capability avoids the effect of electron beam (e-beam) irradiation during nanomaterial testing. The bulk-microfabricated devices perform electrical characterization at different mechanical strain levels. To integrate individual nanowires to the MEMS device for testing, a nanomanipulation procedure is developed to transfer individual nanowires from their growth substrate to the device inside a scanning electron microscope. Silicon nanowires are characterized using the MEMS device for their piezoresistive as well as mechanical properties. It is also experimentally verified that e-beam irradiation can significantly alter the characterization results and must be avoided during testing.
I. INTRODUCTION
C HARACTERIZATION of nanomaterials is important for understanding their properties and exploring their applications. Among a range of properties of nanomaterials, the piezoresistive effect is of interest because of its potential utilization in electromechanical sensors and strain engineering for nanoelectronic applications. For instance, individual singlewalled carbon nanotubes were used as active transducer elements in a pressure sensor [1] and a displacement sensor [2] .
To quantify the piezoresistivity of individual nanomaterials, a number of experimental techniques have been reported. The experiments in common require simultaneous mechanical loading and electrical measurement of a nanomaterial. For example, the cantilever tip of an atomic force microscope (AFM) was used to laterally push a single-walled carbon nanotube suspended over a trench between two solid electrodes [3] , which results in large local deformation of the nanotube at the tube-tip contact point. To achieve more uniform tensile stretching, carbon nanotubes were suspended between a solid terrace and a suspended beam, which was pushed downward by an AFM cantilever [4] . This scheme also results in large local deformation of carbon nanotubes at the edges of the terrace and suspended beam, which undesirably contributes to the characterization results.
Uniaxial or almost uniaxial tensile strains were also produced. The four-point bending method was used to deform silicon nanowires that were epitaxially grown across a trench, producing low-level uniform strains on the order of 10 −4 [5] . To produce severe strains, silicon nanowires were grown between a silicon pad and a cantilever beam, which was pushed by a probe along the longitudinal direction of the nanowire [6] . A single-walled carbon nanotube was adsorbed on top of a membrane and was electromechanically characterized through bulge testing [1] . A silicon nanowire was embedded close to the anchor of a cantilever, which was pushed down by a stylus [7] . Individual InGaAs/GaAs nanosprings were stretched by two nanomanipulators inside a scanning electron microscope (SEM) for piezoresistivity characterization [8] .
In addition to the aforementioned methods, since microelectromechanical systems (MEMS) actuators are capable of delivering adequate motion resolutions and ranges for deforming nanomaterials, a number of MEMS devices were developed for mechanical characterization of nanomaterials [9] - [24] . For example, electrostatic actuators [10] , [13] , [20] and electrothermal actuators [13] , [22] were utilized to stretch nanomaterial specimens. MEMS capacitive sensors were incorporated into some of the MEMS devices [11] , [20] to measure tensile forces of the specimen. The elongation measurements of the nanomaterial were obtained via SEM imaging.
While most of existing MEMS devices are only capable of mechanical characterization of nanomaterials, two of them have electrical testing capabilities [16] , [17] . However, the device reported in [16] can only characterize a pair of nanowires in conjunction, rather than individual nanowires, because the two electrical terminals are both on the stationary portion of the device. The device reported in [17] contains an electrothermal actuator, which causes temperature increase in the specimen and affects nanomaterial characterization results. Additionally, force sensing mechanisms of both devices [16] , [17] are coupled with actuators, which can introduce large errors in comparison with the use of an independent force sensor.
This paper reports on a MEMS device and experimental techniques for the electrical and mechanical characterization of individual 1-D nanomaterials. Different from previous MEMS tensile-testing devices, this device is capable of acquiring both force and elongation data of a nanomaterial specimen electronically without relying on SEM imaging. In addition, since this MEMS device is capable of performing electrical measurements on a nanomaterial under controllable mechanical strains, the piezoresistive property of the nanomaterial is able to be characterized. The effect of electron beam (e-beam) irradiation on the characterization results is also presented. Electrical insulation on the suspended structures was created through a microfabrication process, enabling the electrical measurement of a nanomaterial. Individual silicon nanowires were integrated to the MEMS device via pick-and-place nanomanipulation inside a SEM and characterized for their mechanical and piezoresistive properties.
II. DEVICE DESIGN AND ANALYSIS

A. Device Design
As schematically illustrated in Fig. 1(a) and (b), the device is composed of two suspended shuttles, namely, the actuator shuttle (on the left) and the force sensor shuttle (on the right), with a small gap in between to be bridged by a nanomaterial specimen. The actuator shuttle includes an electrostatic actuator and a capacitive displacement sensor (lateral comb-drive configuration) that measures displacements of the actuator. The force sensor shuttle contains a capacitive force sensor (transverse-comb configuration), which measures tensile forces of the specimen as well as its own displacement. When the actuator shuttle moves leftward, the specimen is stretched and the force sensor shuttle is also pulled leftward. Thus, the amount of specimen elongation is the displacement of the actuator subtracted by that of the force sensor.
This electronic method of elongation measurement has advantages over electron microscopy (EM) imaging as used in previous MEMS-based nanomaterial testing devices. First, it offers a higher sampling rate than EM imaging (EM typically has a rate of 13 frames/s in fast scanning mode). Thus, data points during rapidly developing events (e.g., plastic deformation and failure) can possibly be captured. Second, EM imaging can be relieved from observing the entire nanomaterial and, hence, can be used to focus on a section of the nanomaterial with a higher magnification (e.g., for in situ study of deformation mechanisms). Third, EM imaging affects electromechanical characterization, owing to e-beam irradiation. We experimentally verified the e-beam irradiation effect, which will be discussed quantitatively in Section IV-D. Fourth, the specimen can be characterized outside the EM vacuum chamber, making it easier to study the effect of environmental factors, such as gas, light, or temperature, on nanomaterial properties.
The probe (Fig. 1) protruding out from the device frame is for the stiffness calibration of the force sensor. Electrostatic actuator was chosen over electrothermal actuator to avoid unwanted temperature increase of the specimen owing to heat conduction, which can alter material properties. The lateral-comb configuration was used for displacement sensing, since the displacement sensor should have a larger linear displacement sensing range than the force sensor. Additionally, there is an open window below the suspended structures in the area surrounding the gap in order to achieve electron transparency, so that transmission electron microscopy can be used to observe the nanomaterial specimen, if desired. Fig. 1 (a) and (b) also shows four electrical insulation cuts on the actuator shuttle and the force sensor shuttle. These cuts electrically separate structures of different electrical functions. Meanwhile, mechanical connection is maintained by using the insulation layer material below the device silicon layer of the silicon-on-insulator wafer, as shown in Fig. 1(b) . The specific functions of these insulation cuts are as follows. First, the insulation cut between the displacement sensor and the actuator ensures that capacitance sensing is decoupled from the actuation voltage. Second, the two electrodes at the gap are, respectively, insulated from the actuator and the force sensor, in order to provide independent electrical connections to the specimen for two-point electrical measurement. During the electrical characterization, an electric current flows in series Fig. 2 . Mechanical model of the device during mechanical characterization of a specimen. The characteristics (motion range and stiffness) of the actuator and the two sensors must be compatible with that of the target specimen, in order to achieve desired testing conditions. through beam "b," the specimen, and beam "a" [ Fig. 1(a) ]. Third, the calibration probe is insulated from the force sensor for valid calibration.
B. Mechanical Analysis
Since a nanomaterial specimen becomes part of the mechanical system of the device during testing, the motion ranges and stiffness values of the actuator and sensors must be compatible with the mechanical properties of the specimen. Fig. 2 shows a spring diagram for analyzing deformation compatibility and force equilibrium
where d a is the displacement of the actuator shuttle; d s is the elongation of the specimen; d f is the displacement of the force sensor shuttle; k a , k s , and k f are the stiffness values of the actuator shuttle, the specimen, and the force sensor shuttle, respectively; and F a is the output force generated by the actuator. The equations were used for parameter design of the device, in consideration of the requirement to produce tensile failure of the specimen. The specimen elongation at the failure point can be estimated using
where w g is the gap width of the device (original specimen length) and ε o is the approximate failure strain according to the reported data in the literature. d f at specimen failure is set to be the largest displacement of the force sensor in its linear sensing range. Then, k s and k f can be selected according to (1b). A slightly larger k f can be chosen to ensure specimen failure. Subsequently, (1a) is used to select d a at specimen failure, which is the largest displacement required for the actuator shuttle. Finally, (1c) is used to determine the largest F a required, for the actuator parameter design (e.g., number of comb pairs).
C. Electrical Analysis
Within the circuit for electrical characterization, the specimen is connected in series with beam a and beam b [these beams are labeled in Fig. 1(a) ]. Additionally, contact resistances exist between the specimen and the two electrodes (Fig. 3) . Thus, the measured current-voltage (I-V ) characteristics are not from the specimen alone. The contact can be either an ohmic contact or a Schottky barrier. Since an ohmic contact can also be regarded as a Schottky barrier with a low barrier height close to zero [25] , Schottky diodes are used in Fig. 3 to represent contacts. It can be seen that, at a given voltage, one Schottky barrier is forward biased, whereas the other is reverse biased, playing an important role in the measured I-V data. This contact effect must be considered and is discussed in detail in Section IV-C.
The resistances of beam a and beam b can be well calculated, given that beam dimensions and the resistivity of the silicon device layer are known. They can also be experimentally verified by fabricating and testing a device with the actuator shuttle and the force sensor shuttle connected. Additionally, if the device layer silicon is not heavily doped, the piezoresistive effect of beam a and beam b should also be taken into account.
It should be noted that four-point probe measurement is capable of eliminating/minimizing the contact resistance effect [26] - [28] and can also be realized herein by modifying the device design. However, such modification would require a longer specimen to span four suspended electrodes.
III. DEVICE FABRICATION AND CALIBRATION
A. Microfabrication
A deep reactive-ion etching (DRIE) on SOI process, modified from [29] , was used for device construction (Fig. 4) . The starting SOI wafer has a 25-μm-thick silicon device layer that was heavily doped with boron (resistivity: 1.7−1. Briefly, thermal oxidation is used to grow 1-μm-thick oxide layers on the top and bottom surfaces of the wafer, and then, the top oxide layer is stripped with buffered oxide etch (BOE) [ Fig. 4(a) ]. The bottom thermal oxide layer is then patterned using reactive-ion etching (RIE) [Fig. 4(b) ]. A thick layer of photoresist is patterned on the bottom side, which is used in conjunction with the thermal oxide layer as an etch mask for the DRIE of the handle layer to create steps of a certain height (e.g., 100 μm) [Fig. 4(c) ]. The thermal oxide not covered by the photoresist is etched using RIE [ Fig. 4(d) ]. Using the remained photoresist as an etch mask, the silicon handle layer is etched until the buried oxide layer by DRIE [ Fig. 4(e) ]. The buried oxide layer as well as the remained bottom oxide layer is etched using BOE [ Fig. 4(f) ]. Aluminum electrodes are patterned on the top side by e-beam evaporation and lift off [ Fig. 4(g) ]. Finally, the device layer is patterned using DRIE to form active structures [ Fig. 4(h) ].
For mechanically connecting suspended structures with electrical insulation, the two-step DRIE process of the handle layer [ Fig. 4(c) and (e)] creates a step difference between the central suspended structure and the device frame, which significantly reduces the risk of device breakage during device handling and operation. The released devices are glued and wire bonded to custom-made printed circuit boards (Fig. 5 ) with a two-channel capacitive-to-digital converter (AD7746, Analog Devices Inc.) for sampling data from the two capacitive sensors on the device. Since the remained flux on the circuit boards can outgas in SEM, it was removed using an ultrasonic cleaner and an aqueous flux remover, prior to the wire bonding. The glue and solder used in this work are vacuum compatible.
A few devices whose actuator shuttle and force sensor shuttle are connected by design were also included on the same wafer, for device characterization. The equivalent resistance of beam a and beam b was measured to be 81 Ω, which is negligible in comparison with the nanowire resistances obtained in Section IV-C. Furthermore, the deformation of the two beams by the actuator did not result in resistance change. Therefore, beam a and beam b can be safely ignored in the circuit shown in Fig. 3 .
B. Sensor Calibration
The displacement sensing functions of both the displacement sensor and the force sensor were calibrated. The force sensing function of the force sensor was also calibrated. A data sampling rate of 45 Hz was used during device calibration.
The displacement sensor was deformed by driving the actuator [ Fig. 1(a) ], with the displacements measured from microscopy imaging and correlated to the output voltage of the readout circuit [ Fig. 6(a) ]. Determined from the noise level of the output voltage, the displacement sensor exhibits a resolution of 1.7 nm at 45 Hz. The force sensor was deformed by using a microprobe under a probe station to push the calibration probe of the device, with the displacements also measured from both imaging and the readout circuit. The calibration results are shown in Fig. 6(b) . The displacement sensing resolution of the force sensor was determined to be 1.5 nm at 45 Hz.
A precision microbalance (XS105DU, Mettler-Toledo Inc.) with a resolution of 0.1 μN was used to calibrate the force sensor. Fig. 6(c) shows the calibration results. The force sensor exhibits a resolution of 26.8 nN at 45 Hz. Additionally, the stiffness of the force sensor can be obtained by calculating the ratio of the slope of the regression line in Fig. 6(b) to that in Fig. 6(c) , resulting in 18.2 N/m.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Synthesis of Silicon Nanowires
As a type of piezoresistive nanomaterial, silicon nanowires were chosen for characterization by the MEMS device in this paper. Silicon nanowires used in this paper were vaporliquid-solid (VLS) synthesized using low-pressure chemical vapor deposition. A gold thin film was thermally evaporated onto a silicon (111) substrate, which was subsequently annealed to form a discontinuous film consisting of 50-100-nm-diameter gold islands. The substrate was then introduced into a reactor and brought to a temperature above the Au-Si eutectic point of 363
• C in a H 2 atmosphere. The deposition occurred at approximately 550
• C using a 10% SiH 4 /H 2 as the silicon source with trace levels of phosphine (PH 3 ) as the n-type dopant source at a total pressure between 10 and 50 torr. Lengths of the synthesized nanowires were 10-30 μm.
B. Transfer of Nanowire Onto MEMS Device
A few methods have been reported for the integration of a nanomaterial to a MEMS device. Nanomaterials can be fabricated directly on MEMS devices [9] , [30] . Presynthesized nanomaterials were also transferred onto MEMS devices via dielectrophoresis trapping [12] , [22] , [31] , focused-ion-beam deposition [14] , and direct pick and place [11] , [13] , [17] , [20] , [32] - [35] . Due to the flexibility of pick-and-place nanomanipulation inside SEM and no need for nanomaterial preprocessing (e.g., sonication), we transferred individual silicon nanowires from growth substrates onto MEMS devices via direct pick and place.
For the experimental setup, a silicon nanowire substrate and a circuit board with a wire-bonded MEMS device were placed on the specimen stage of a SEM (S-4000, Hitachi, Ltd.), where a nanomanipulation system (S100, Zyvex Instruments) was mounted, as illustrated in Fig. 7(a) . A tungsten probe (tip diameter: 200 nm) was installed to one of the nanomanipulators A silicon nanowire is transferred from its growth substrate to the testing device via nanomanipulation inside a SEM, followed by electromechanical characterization. (b1) Probe picks up a nanowire by soldering it to the probe tip using EBID and detaching it from the growth substrate. (b2) Nanomanipulator transfers the nanowire to above the device. (b3) Nanomanipulator places the nanowire across the gap of the device, and the nanowire is EBID soldered to the two edges of the gap. (b4) Device electromechanically interrogates the nanowire until its tensile failure. and used to transfer individual nanowires [ Fig. 7(b1)-(b3) ]. Throughout the manipulation process, an acceleration voltage of 2 kV in SEM imaging was typically used.
Briefly, the nanomanipulator first approaches an edge of the nanowire substrate and establishes contact with a single nanowire near its root. Following the contact, the nanowire is "soldered" to the probe tip using e-beam induced deposition (EBID). The deposited material from EBID without injecting precursors is carbonaceous material, which is from the decomposition of contaminants inside the SEM chamber [36] - [38] . The probe then retracts and pulls the nanowire off from the growth substrate, as shown in Fig. 7(b1) . A detached nanowire typically fractures near its root, so the upper section of the nanowire to be used for testing does not experience tension and remains intact. The nanomanipulator subsequently transfers the nanowire to above the MEMS device [ Fig. 7(b2) ] and lowers the nanowire to place it across the gap of the device. The first bond between the nanowire and one edge of the gap is formed again via EBID. The nanomanipulator then orients the nanowire to make it perpendicular to the gap, followed by EBID soldering the nanowire to the second gap edge [ Fig. 7(b3) ]. The purpose of fixing the nanowire to the very edges of the gap, rather than some distance away from the edges, is to prevent static friction between the nanowire and the device surface when the nanowire is stretched.
Finally, the probe is retracted from the MEMS device, during which the nanowire breaks between the second EBID bond on the device and the EBID bond on the probe. Prior to stretching the nanowire, the two bonds are strengthened using EBID once again, until the I-V characteristics of the nanowire do not change anymore. This step was also performed to ensure that the EBID bonds are secure during nanowire stretching and do not break before the tensile failure of the nanowire.
C. Nanowire Characterization
The nanowire specimen was tensile stretched until its fracture [ Fig. 7(b4) ], with the force-elongation data recorded, during which its I-V data curves were also obtained using a source measurement unit (SourceMeter 2602, Keithley Instruments Inc.) at a number of strain levels. A representative stress-strain curve from a nanowire specimen is shown in Fig. 8(a) , from which the Young's modulus (165.3 GPa) and failure strength (5.67 GPa) were determined. It can also be observed from the curve that the nanowire specimen did not experience the phase of plastic deformation before fracture, proving to be brittle. The Young's modulus derived from five silicon nanowires was 165.4 ± 3.9 GPa (n = 5), which is in agreement with the findings for VLS-grown [111] silicon nanowires as reported in [20] and [39] . In all experiments, the nanowire misalignment was less than 5
• between the axial direction of the nanowire specimen and the stretching direction, resulting in an error of less than 1% in the measured Young's modulus [11] . The failure strengths of the nanowires were determined to be 5.3 ± 0.6 GPa (n = 5). The tested nanowires had diameters of 72-97 nm and lengths of 6.7-8.2 μm between the two EBID bonds.
For coupled electrical characterization at each strain level, a voltage sweep (e.g., from −20 to +20 V) was applied to a nanowire specimen, and the current flow was measured. Fig. 8(b) shows the I-V characteristics of a silicon nanowire at different strain levels. It can be seen that straining the nanowire resulted in I-V changes. Fig. 8 (b) also shows that the I-V curves are not symmetrical with regard to the origin, indicating the existence of Schottky contacts. When the applied voltage is low (< 0.5 V), the voltage is mainly distributed on the two Schottky barriers (Fig. 3) , rather than on the specimen. As the applied voltage increases, the specimen starts to contribute more to the I-V characteristics. At a high voltage (> 5 V), while the voltage drop across the forward-biased Schottky barrier remains small, the voltage drop across the reverse-biased Schottky barrier becomes saturated. Thus, the slope of the linear section of an I-V curve at high voltages approximates the conductance of the specimen [25] , [40] - [42] . When the applied voltage is even higher (e.g., > 15 V), the I-V curves become more nonlinear since the electrical transport through the nanowire is space-charge limited [6] , [43] .
Therefore, the voltage range of 5-9 V in Fig. 8 (b) was used to determine the intrinsic resistance of the nanowire at different strain levels. The resistance and resistivity under the unstrained condition were determined to be 5.9 × 10 11 Ω and 406 Ω · m. At 3.0% strain, the resistance was determined to be 2.2 × 10 10 Ω, reduced by a factor of 26.8 from the resistance at zero strain. This significant change in the resistance indicates the piezoresistive effect of the silicon nanowire. As another measure to quantify this effect, the gauge factor (ratio of relative resistance change to strain) of the nanowire was determined to be 67.1 at 1.3% strain. The characterization of the piezoresistivity of silicon nanowire was enabled by the capability of the MEMS device for simultaneous electrical and mechanical characterization.
D. Effect of E-Beam Irradiation
Repeated tensile tests were performed on silicon nanowires, under the conditions of e-beam on and off. The experimental results indicate that e-beam irradiation did not affect the measured mechanical properties. However, e-beam irradiation produces significant effect on the I-V characteristics of nanowires. In our study, I-V characteristics of the nanowires were quantified with the e-beam off and on with different acceleration voltages of 10, 20, and 30 kV, under 0% and 2.1% strain levels [ Fig. 9 (a) and (b)]. It can be seen that e-beam irradiation significantly alters I-V data, likely through charge injection from e-beam into the specimen. Thus, for electromechanical characterization of nanowires, the elongation measurement preferably should be performed electronically. When EM imaging must be used, the acceleration voltage should be kept low. Fig. 9 (c) and (d) shows the data collected on a silicon nanowire that was subject to cyclic loading at strain levels of 0%, 2.1%, and 3.0%. By comparing the e-beam off result [ Fig. 9(c)] with the e-beam on result [ Fig. 9(d) ], the current increases due to e-beam irradiation are 107% for 0% strain, 35% for 2.1% strain, and 56% for 3.0% strain, again demonstrating the significant effect of e-beam irradiation. Additionally, cyclic loading was repeated for over 1000 cycles. No signs of nanowire fatigue were observed.
Of the over 1000 cycles, the aforementioned e-beam on and e-beam off experiments [ Fig. 9(c) and (d) ] demonstrated highly repeatable results, indicating that short-term e-beam irradiation affects electrical measurements but does not permanently change the electrical properties of the nanowires.
V. CONCLUSION
This paper has described a MEMS device for simultaneous electrical and mechanical characterization of individual nanowires. The device integrates an actuator, two capacitive sensors, and two suspended electrodes for a nanowire to bridge.
Tensile forces and elongation measurements are all acquired electronically, without relying on EM imaging. The two suspended electrodes enable I-V characteristics of a specimen to be obtained at different strain levels. Nanomanipulation (pick and place) inside SEM was performed to transfer individual silicon nanowires from their growth substrates onto the MEMS device. Measurements were made to quantify the mechanical and electrical properties and the piezoresistive effect of the silicon nanowires. The significant effect that e-beam irradiation has through EM imaging on the I-V characteristics of nanowires has been also revealed.
